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ABSTRACT
THE INFLUENCE OF AEROSOLS ON ICE AND MIXED-PHASE CLOUDS BASED ON
IN-SITU OBSERVATIONS AND CAM6 SIMULATIONS
by Flor Vanessa Maciel
Clouds have a large impact on Earth’s radiation budget, and although there is a
considerable amount of research on them, there are still uncertainties concerning how
thermodynamics, dynamics, and aerosol indirect effects impact their microphysical
properties. The lack of observational analysis on cirrus and mixed-phase cloud controlling
factors, i.e., temperature, relative humidity, vertical velocity, and aerosol number
concentrations, limits our understanding of how these properties impact their microphysical
properties and, therefore, complicates how they are simulated within climate models. With
seven flight campaigns funded by the National Science Foundation (NSF) and five funded by
the National Aeronautics and Space Administration (NASA), we categorize cirrus clouds into
five evolution phases. We then compare the NSF dataset to simulated data from the National
Center for Atmospheric Research (NCAR) Community Atmosphere Model 6 (CAM6). We
find that the evolution phases demonstrate clear differences between one another indicating
that it is important to take them into account when analyzing the aerosol indirect effects on
cirrus clouds. Additionally, we present a new method to separate mixed-phase clouds into
four transition phases which allows us to represent their macrophysical properties. Using this
method and comparing it to a derived dataset that defines phases per particle reveals that
there is a correlation between the macrophysical and microphysical properties of mixedphase clouds.
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Chapter 1: The Respective Aerosol Indirect Effects of Five Cirrus Cloud Evolution
Phases
Introduction
Cirrus clouds may have varying effects on the incoming shortwave and outgoing
longwave radiation adding significant complexity in determining whether they have a
warming or cooling effect on Earth’s climate (Fu & Liou, 1993; Liou, 1992). They are
ubiquitous in the atmosphere, covering approximately 20% to 40% of Earth’s surface at any
given time and, therefore, exerting a considerable global radiative effect on the climate
system (Liou, 1986; Sassen et al., 2008). However, the processes that control the
development and formation of cirrus clouds are spatially diverse and range from the
microphysical level, such as the ice-nucleating properties of both anthropogenic and natural
aerosol particles, to the larger and dynamical scale, such as atmospheric circulations
(Pruppacher & Klett, 2010). Because of the complexity involved in the formation and
development of cirrus clouds, climate models have difficulties simulating them accurately
and there is much uncertainty surrounding their radiative effects in the context of climate
change (Fan et al., 2016; Heymsfield et al., 2017; Intergovernmental Panel on Climate
Change, 2014; Kärcher, 2017; Lynch et al., 2002).
Cirrus clouds exist within the upper atmosphere and are vertically thin, long-lived, and
are comprised of ice crystals rather than liquid droplets. They can be formed through two
primary mechanisms: heterogeneous and homogeneous nucleation where the former
mechanism requires the presence of ice nucleating particles (INP) to initiate an ice nucleation
event and the latter does not (Pruppacher & Klett, 2010). According to a study by Kärcher et
al. (2022), during cirrus cloud formation, there is often a competition for available vapor
1

between the processes of heterogeneous ice nucleation on INPs and homogeneous nucleation
of liquid droplets for ice nucleation often occurs. They also found that certain INP types that
are not as efficient at growing ice can still impact the development of a cirrus cloud even
when they have low aerosol number concentrations, but moderately high mean updrafts.
Using aircraft observational data, O’Shea et al. (2016) found that in an actively growing
cirrus cloud with strong updrafts, the ice crystal concentration was approximately a factor of
10 times higher compared to the decaying cirrus cloud, which also did not have many
particles larger than 700 μm. Through the use of analytical equations, Kärcher and Jensen
(2017) discovered that cirrus cloud homogeneous freezing is spatially limited and very
fleeting. The number of ice crystals that are nucleated is affected by both strong diffusion and
turbulence. Thus, they find that in order to successfully model homogeneous freezing the
spatial and temporal resolutions must be high. These studies show the importance of vertical
motion when considering the growth of ice crystals within cirrus clouds. Using data from 28
flights across the arctic, midlatitudes, and tropics, Krämer et al. (2009) explained that the
sudden and often very low ice crystal numbers may be responsible for the elevated and
persistent supersaturations detected inside of cirrus clouds. In addition, the authors also found
evidence that either the suppression of freezing or heterogeneous nucleation might provide a
better explanation for the ice crystal numbers captured. In another study, which used aircraft
data from the Interhemispheric Differences in Cirrus Properties from Anthropogenic
Emissions campaigns, it was determined that cirrus clouds in the Northern Hemisphere (NH)
had a larger concentration of ice crystals with a lower effective diameter when compared to
cirrus clouds in the Southern Hemisphere (SH) (Gayet et al., 2004). A study using field data
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that was conducted by Haag et al. (2003) found that at the SH midlatitude cirrus clouds are
more likely to form by homogeneous freezing. In addition, they explained that while the
polluted NH does include heterogeneous nucleation as a mechanism for cirrus cloud
formation, the result does not suggest that this is the only way cirrus form in this hemisphere
and that homogeneous freezing is still as significant. It is clear that there is still much
uncertainty in the community regarding which nucleation mechanism is the principal one for
cirrus cloud formation, especially when also taking aerosols into account.
Aerosols, both anthropogenic and natural, can influence the formation and development
of cirrus clouds because they can operate as INPs. As aerosol particles can act as cloud
condensation nuclei and INPs they can also indirectly interact with radiation (Bruce, 1989;
Lohmann & Feichter, 2005; Twomey, 1977). The indirect effect is the focus of this project
with which aerosols can increase both the cloud albedo and lifetime through microphysical
processes (Twomey, 1977). For example, heterogeneous and homogeneous nucleation can
generally produce different amounts of ice crystals which can significantly affect the
radiative properties of cirrus clouds (Liou, 1992). Zhao et al. (2019) found that near the top
of the cloud, in strong convective systems, the ice particle effective radius diminishes as the
loading of polluted continental aerosols increases due to homogenous freezing domination of
the smaller cloud droplets. The authors also asserted that in moderate convection, the ice
particle effective radius becomes larger with the polluted continental aerosols. They
concluded that this result is most likely due to prolonged ice particle growth at higher aerosol
loads and enhanced heterogeneous ice nucleation, which indicates that there is a considerable
amount of INPs in polluted continental aerosols. Another paper observed that heterogeneous
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freezing is the primary formation mechanism of cirrus clouds based on the relative humidity
measurements and composition analysis of four aircraft campaigns (Cziczo et al., 2013).
Additionally, a study found that mineral dust primarily causes the dominance of
heterogeneous ice nucleation based on ice residual particle measurements from the
Consortium for Small-scale Modeling coupled with Aerosols and Reactive Trace Gases and
the Mid-latitude Airborne Cirrus Properties Experiment (MACPEX) (Ullrich et al., 2019).
Another study by DeMott et al. (2003), corroborates this finding based on aerosol sampling
done in Colorado from which they found that the most common heterogeneous INPs were
identified to be pure mineral dusts and metallic particles, potentially from human origin. But
it was also discovered that there was a lack of INPs in data captured over the Southern Ocean
in four aircraft campaigns, which led to an abundance of supercooled liquid water in the
region (McFarquhar et al., 2021). The authors also noted that nearly all of the INPs that were
intercepted in this region seemed to have a biological source. Based on six ground sites in
North America and one in Europe, Mason et al. (2016) found that the INPs with an
aerodynamic diameter > 1 µm and > 2.5 µm (coarse mode) were both most common at ice
activation temperature of -15°C and least common at an ice activation temperature of -25°C.
In addition, they observed that the highest INP concentrations were observed at suburban and
agricultural locations while the lowest ones were observed at Arctic and alpine locations. The
vast distribution and many types of aerosols make it difficult to unravel how exactly they
affect cirrus cloud formation using only field data.
As observations are usually spatially and/or temporally constrained, several studies have
incorporated the use of models in order to further our understanding of the formation of
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cirrus clouds and how aerosols impact them. Additionally, a study using Community
Atmosphere Model (CAM5) Community Aerosol and Radiation model for Atmospheres and
observational data from three aircraft missions found that simulated cirrus clouds did not
significantly change when depositional heterogeneous nucleation of ice onto dust and an
evolving sulfate field were added to the model (Maloney et al., 2022). An experiment by
Jensen et al. (2018) supports the notion that cirrus clouds in the tropical tropopause layer
(TTL) can have their occurrence frequencies and microphysical properties changed by
effective heterogeneous ice nuclei (IN). There is disagreement between simulations of cirrus
clouds in the TTL using effective widespread IN and the observational data from the Costa
Rica Aura Validation Experiment. The number of times that a cirrus cloud is captured can be
influence by IN which can both increase and decrease them. An experiment conducted by
McGraw et al. (2020) using CAM6 found that cirrus clouds are thinned by anthropogenic
black carbon (BC) and, thus, hinder homogeneous nucleation which produces a global net
cooling effect. They also noted that augmented heterogeneous ice formation thickens cirrus
clouds which causes the cooling impact to saturate at high BC number and nucleating
efficiency. BC cooling by cirrus thinning only happens when there are many medium-thick
cirrus clouds formed by homogeneous nucleation. Using an ice microphysics scheme they
developed, Spichtinger and Gierens (2009) grouped cloud evolution into three classes:
heterogeneously dominated, homogeneously dominated, and a class where neither process is
prevalent (mixed). They found that the mixed case is predisposed to prolonged in-cloud ice
supersaturation to the order 30% and above. Studies using model frameworks and
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simulations fill a necessary gap in determining the impact that aerosols have upon cirrus
clouds.
There are five idealized evolution phases (EP) associated with the development of a
cirrus cloud, which can often be adjacent or overlap within the actual atmosphere, that are
defined by using the existence of ice crystals and the relative humidity with respect to ice
(RHi) at a particular data point (Diao et al., 2013, 2014). Cirrus clouds evolve with several
phases transitioning from regions of clear-sky ice supersaturation to regions with both ice
crystals and ice supersaturation to, finally, regions with ice crystals, but no ice
supersaturation. Ice supersaturation is when the relative humidity with respective to ice is
greater than 100% (American Meteorological Society, 2012a, 2012b). In the beginning, the
cirrus cloud has no ice crystals, and is only ice supersaturated, this is known as EP 1. This
transitions to regions that are ice supersaturated and contain newly forming ice crystals or EP
2. After the ice crystals are formed, they start to grow, which can be separated into two
groups: early (EP 3) and later growth (EP 4). Eventually, the regions only have ice crystals,
but no ice supersaturation due to sublimation and sedimentation (EP 5).
In this work, how the EPs are represented in two observational datasets and how aerosols
influence the ice microphysical properties of the cirrus cloud EPs: (a) Clear-sky ice
supersaturated region (ISSRs), (b) Nucleation or the formation of ice crystals, (c) Early
growth of ice crystals, (d) Later growth of ice crystals and (e) Sedimentation/sublimation is
investigated (Diao et al., 2013). In order to accomplish this, results between observational
and simulated data, with the observational data including a coarse resolution version is
compared. In section 2, the observational datasets along with the simulation setup and model
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dataset are described. In section 3, the geometric means and linear regressions of the datasets
that show the differences between the in-cloud EPs are analyzed. To learn why these
differences are observed, the potential underlying thermodynamic and dynamical causes are
explored. In section 4, the results from the investigation of aerosol indirect effects (AIE) of
cirrus cloud EPs and their implications are discussed.
Observational and Simulation Datasets
Aircraft Campaign In-Situ Observations
For this study, a global observational dataset comprising of seven National Science
Foundation (NSF) research flight campaigns, their acronyms are listed alphabetically as
follows: Convective Transport of Active Species in the Tropics (CONTRAST; Pan et al.,
2017), Deep Convective Clouds and Chemistry (DC3; Barth et al., 2015), High-Performance
Instrumented Airborne Platform for Environmental Research (HIAPER) Pole-to-Pole
Observations (HIPPO; Wofsy, 2011), O2/N2 Ratio and CO2 Airborne Southern Ocean Study
(ORCAS; Stephens et al., 2018), O2/N2 Ratio and CO2 Airborne Southern Ocean Study
(PREDICT; Montgomery et al., 2012), Stratosphere-Troposphere Analyses of Regional
Transport 2008 (START08; Pan et al., 2010), and Tropical Ocean tRoposphere Exchange of
Reactive Halogen Species and Oxygenated VOC (TORERO; Volkamer et al., 2015) was
used. Figure 1A depicts the flight tracks for these campaigns for seconds with temperatures ≤
-40°C (A). Measurements at temperatures > -40°C were excluded to only focus on cirrus
clouds that are composed of ice. The full name for each of these campaigns along with their
location, date and duration for all data ≤ -40°C and each EP are described in Table 1. These
campaigns provide wide-ranging spatial coverage, spanning latitudinally from 87°N to 75°S
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Figure 1
The Flight Tracks for the Seven NSF Aircraft Research Campaigns Used in this Study. (A)
and for Five NASA Campaigns. (B) Both Are Restricted to Temperatures That Are ≤ -40°C

and longitudinally from 128°E to 38°W, on the surface to the upper and lower stratosphere
(Patnaude & Diao, 2020). Data were collected by instruments aboard the NSF HIAPER
Gulfstream V research aircraft. The data are composed of 1-Hz observations of
meteorological parameters such as temperature, water vapor, aerosol number concentration
(Na), vertical velocity (w) and cloud microphysical properties (i.e., ice water content [IWC],
ice crystal number concentration [Ni], and mean ice crystal diameter [Di]). Water vapor
measurements are provided by the Vertical Cavity Surface Emitting Laser (VCSEL)
hygrometer aboard the aircraft (Zondlo et al., 2010). The saturation vapor pressure with
respect to ice (esice) was calculated following the equation in Murphy and Koop (2005). RHi
was then calculated by using the water vapor mixing ratio, pressure and temperature. Ice
crystal measurements were collected by the Fast Two‐Dimensional Cloud Probe (Fast-2DC).
The first deployment for HIPPO was excluded due to the absence of ice particle
measurements. The aerosol measurement range from 60 to 1000 nm were obtained by the
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Table 1
A Table Showing the Field Campaign Name, Location, Date, and Flight Hours for Each
Cirrus Cloud Evolution Phase for the Seven NSF Research Campaigns
Field Campaign

Region

CONTRAST
(CONvective TRansport Tropical Western
Pacific
of Active Species in the
Tropics)
DC3
(Deep Convective Clouds Eastern United States
and Chemistry Project)
NP to the SP, over
HIPPO #2
Central-W. Pacific
HIPPO #3
NP to the SP, over E.
HIPPO #4
Pacific
HIPPO #5
NP to the SP, over W.
(HIAPER Pole-to-Pole
Pacific
Observations)
NP to the SP, over W.
Pacific
ORCAS
Southern Ocean
(The O2/N2 Ratio and CO2
between South America
Airborne Southern Ocean and Antarctica
Study)
PREDICT
(PRE-Depression
Atlantic Basin
Investigation of CloudCaribbean
systems in the in the
Tropics)
START08
(StratosphereNorth America
Troposphere Analyses of
Regional Transport)
TORERO
(Tropical Ocean
Eastern Tropical Pacific
TRoposphere Exchange of
Ocean
Reactive Halogen Species
and Oxygenated VOC)
All Campaigns

T <= -40°C
Flight
Hours

Phase 1
Flight
Hours

Phase 2
Flight
Hours

Phase 3
Flight
Hours

Phase 4
Flight
Hours

Phase 5
Flight
Hours

Jan. to Feb.
2014

71

0.35

0.63

5.61

12.76

3.19

May to June
2012

73

0.32

0.63

5.75

14.15

1.42

Oct. to Dec.
2009
Mar. to Apr.
2010
May to July
2011
Aug. to Sept.
2011

118

1.6

2.61

2.14

1.65

0.41

Jan. to Mar.
2016

41

0.43

0.5

1.06

0.04

0.22

Aug. to Sept.
2010

92

5.43

1.85

7.35

15.07

2.16

Apr. to June
2008

55

0.23

0.17

1.27

0.65

0.34

Jan. to Feb.
2012

54

0.14

0.14

0.88

0.72

0.34

504

8.5

6.53

24.06

45.04

8.08

Dates

Ultra-High Sensitivity Aerosol Spectrometer (UHSAS), which uses 99 logarithmicallyspaced bins to measure their concentration and size distribution. In addition, extensive
quality control was applied to this merged observational dataset.
For our analysis on the cloud microphysical characteristics of the observational data, data
from five NASA-funded aircraft campaigns was included. These are as follows: ATTREX,
MACPEX, DC3, POSIDON, and SEAC4RS (full names shown in Table 2). Figure 1B
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Table 2
A Table Showing the Field Campaign Name, Location, Date, and Flight Hours for Each
Cirrus Cloud Evolution Phase for the Five NASA Research Campaigns
Field Campaign
ATTREX
(Airborne Tropical
TRopopause
EXperiment)
MACPEX
(Mid-latitude
Airborne Cirrus
Properties
Experiment)
NASA DC3
(Deep Convective
Clouds and Chemistry
Project)
POSIDON
(Pacific Oxidants,
Sulfur, Ice,
Dehydration, and
cONvection)
SEAC4RS
(Studies of Emissions
and Atmospheric
Composition, Clouds
and Climate Coupling
by Regional Surveys)
All Campaigns

T <= -40°C
Flight
Hours

Phase 1
Flight
Hours

Phase 2
Flight
Hours

Phase 3
Flight
Hours

Phase 4
Flight
Hours

Phase 5
Flight
Hours

Tropical Western Feb. to Mar.
Pacific
2014

128

3.65

7.73

15.89

10.81

2.97

Eastern United
States

Mar. to Apr.
2011

31

0.04

0.09

0.25

3.84

3.08

Southeastern
United States

May to June
2012

29

0.01

0.08

1.91

10.79

1.22

Guam and
surrounding
Ocean

Oct. 2016

41

2.07

5.14

7.25

2.95

1.25

Southern United
States

Aug. to Sept.
2013

15

0.07

0.27

0.42

3.88

0.26

244

5.84

13.31

25.72

32.27

8.78

Region

Dates

depicts the flight tracks for these campaigns for seconds with temperatures ≤ -40°C. For this
data, 2DC was not available, so the ice crystal measurements collected by the 2D-S Stereo
Probe (2DS) were used.
Using these datasets, the ISSR and ice cloud regions (ICR) were differentiated by using
the RHi and Ni. ISSRs are regions where the RHi is above 100% while ICRs are ones where
there is at least one particle of Ni is detected per second, also defined as in-cloud regions.
Clear-sky is the converse, where Ni is equal to 0 #/cm3. The method established in Diao et al.
(2013) was employed, which uses the spatial ratios of ISSR and ICR to identify instances of
the five EPs of cirrus clouds within the data. These phases are categorized as: (a) Clear-sky
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ISSRs, (b) Nucleation or the formation of ice crystals, (c) Early growth of ice crystals, (d)
Later growth of ice crystals and (e) Sedimentation/sublimation (Figure 2).
Figure 2
The Cirrus Cloud Evolution Phases as Defined in Diao et al. (2013).

To compare the high-resolution NSF observational data to the coarse-resolution model
data, a running average of 430 seconds was applied to the former. This timescale, i.e., 430
seconds, was chosen since it converts to a horizontal scale of about 100 km for a mean air
speed of 230 m s-1 for all campaign data with a temperature less than -40°C. To calculate the
average IWC and Ni, the 430 seconds include both in-cloud and clear-sky conditions. For
phase identification, the 430 seconds continued to use the center point phase identifications
that were originally assigned to the one second data. This is because the method relies on the
high-resolution transitioning between ICRs and ISSRs that is only present in the original
observation 1-Hz data.
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CESM CAM6 Model Simulations
Seven National Center for Atmospheric Research (NCAR) CAM6 nudged model
simulations for each of the aforementioned flight campaigns collocated with their respective
flight tracks were used in this analysis (Patnaude et al., 2021). These simulations were
nudged using reanalysis data, temperature and 2-D horizontal wind from the Modern-Era
Retrospective Analysis for Research and Applications version 2 (MERRA2). They were also
collocated to the nearest point to the one-dimensional flight track both spatially and
temporally for each campaign. These simulations have 32 vertical levels and a horizontal
resolution of 0.9 degrees by 1.25 degrees. All seven simulations had a spin-up of 6-months
before their respective campaign’s start date. For the mass and number concentrations for ice
and snow we the “IWC”, “QSNOW”, “NUMICE” and “NSNOW” model variables. In
addition, to compare the 32-level simulated data to the observational data the model data was
constrained to just 1-level for every column of model output by selecting the level with the
closest simulated temperature to the corresponding temperature in the observational dataset
at the same second.
Similar to the observational data, the esice was calculated using the Murphy and Koop
(2005) equation, while the RHi was determined from the temperature and specific humidity.
In addition, by applying methods from Eidhammer et al. (2014), the simulated ice and snow
was restricted to ≥ 62.5 µm, which is the size cut-off for the Fast-2DC probe. The mass and
number concentrations of ice and snow were then calculated by using the integrals of
incomplete gamma functions from 62.5 µm to 3200 µm. After applying this size restriction,
simulated IWC, Ni and Di were calculated by combining the ice and snow variables. Aerosol
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number concentration was calculated by adding the Aitken, accumulation and coarse aerosol
mode concentrations, which were size-restricted to reflect the UHSAS data. Using this
method, the simulated Na100 and Na500 were calculated. The objective was to evaluate how
the model represents cirrus cloud properties when they are nudged to similar meteorological
conditions and collocated to the nearest flight track. Thus, the previously calculated phase
identification derived from the 1-Hz observational dataset was collocated to each matching
UTC timestamp in the model dataset.
Patnaude and Diao (2020) showed that restricting the temperature influence before
quantifying AIE is very important as the temperature can be a complicating variable. Thus,
for all datasets delta values were calculated to minimize the impact of temperature. To find
the delta value of a variable, the average of each variable for each second was subtracted
from it within the given dataset. This average was calculated for every 1-degree temperature
bin in the range of -80°C to -40°C.
Results
The particle size distribution (PSD) plots are shown for the NSF and NASA datasets in
Figure 3, which use the 2DC and 2DS probes respectively. In Figure 3A, it can be seen that
DC3 has the highest particle number concentrations while ORCAS has the lowest. This may
be because DC3 was primarily conducted over the continental United States which has
higher aerosol number concentrations available for heterogenous ice nucleation compared to
the Southern Ocean region that ORCAS was conducted in. In Figure 3B, both ATTREX and
SEAC4RS have the lowest ice crystal concentrations since ATTREX was primarily over the
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Figure 3
Particle Size Distribution Plots Using the 2DC Cloud Probe for the NSF (A, C & E) and
the 2DS Cloud Probe for the NASA Data (B, D, & F). The Data is Separated by the
Campaigns (A & B), the Latitudinal Region (C & D) and the Cirrus Cloud Evolution Phase
(E & F). dN/dlogDp is the Average Number Concentration in Each Bin Normalized by the
Log10 Scale Bin Width
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Pacific Ocean. NASA DC3 similarly has the highest concentrations of ice crystals. The data
was also separated into six latitudinal regions: Northern Polar (NP), Northern Midlatitude
(NM), Northern Tropical (NT), Southern Polar (SP), Southern Midlatitude (SM), and
Southern Tropical (ST) in Figures 3C and 3D, for the NSF and NASA data, respectively, to
investigate possible hemispherical differences in cirrus cloud properties. For both figures it
can be seen that the NH data have higher ice crystal concentrations compared to the SH
datasets. The NSF PSD separated by the in-cloud EPs (2 – 5) is shown in Figure 3E. Phase 4
shows the highest concentration of particles < 1700 µm, likely due to new ice crystal
formation and a sufficient supply of water vapor. However, above 1700 µm phase 2 shows
the highest number of ice crystals due to large crystals aggregating smaller ice crystals,
scavenging water vapor and preventing new particle formation. Phase 5 shows the lowest
concentration of particles across all diameters. It is also necessary to note that the change in
slope near 1600 µm is a systematic issue that occurs when the 2DC probe reaches this
diameter. The particle size distribution is also shown for the NASA dataset (Figure 3F), but
rather than 2DC it makes use of the 2DS probe. The differences in the distribution of the ice
particle concentrations across the size ranges may be due to the different regions that the
NSF and NASA datasets sample from.
The probabilities of ICR/ISSR spatial ratios for each campaign and the three latitudinal
regions are shown in Figure 4. This parameter quantifies how ICRs expand with respect to ISSRs.
In Figures 4A and 4B, most of the campaigns peak around an ICR/ISSR spatial ratio of 1.
This value indicates that there are an equal number of ICR and ISSR points in a given cloud
segment, which suggests that these regions are likely to coexist. Similar results are observed
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Figure 4
The ICR/ISSR Spatial Ratio Probabilities Are Shown for Each Campaign in (A & B) and for Each Latitudinal Region in (E &
F) for the NSF and NASA Datasets, Respectively. The Probabilities for Each Evolution Phase Occurring Are Shown for Each
Campaign and Latitudinal Region in (C & D) and (G & H) for the NSF and NASA Datasets, Respectively

in Figures 4E and 4F, with most of the latitudinal regions peaking at 1. Figure 4 also shows
the probabilities of each EP separated by campaigns (Figures 4C and 4D) and latitudinal
regions (Figures 4G and 4H). The former shows that for all campaigns there is a high
probability that a cloud segment will be in the early growth phase or phase 3. Note the
MACPEX campaign diverges from this with its peak at phase 4. When separated by region,
clear-sky ISSRs, or phase 1, have the highest probabilities for the NP and SM in (G). But,
similar to the previous plot separated by campaign, EP 3 has the highest probability for the
NT, NM, SP and ST.
The distribution of the RHi against the horizontal lengths for all the samples is shown for
all EPs in Figure 5. In addition, the ICR/ISSR spatial ratio is shown for NSF and NASA
aircraft campaigns in Figures 5B and 5F, respectively. Figures 5A and 5B, which show the
ISSR length for EP 1, depict an increase in RHi as the length increases. Conversely, the ICR
length for EP 5 is shown in Figures 5C and 5G, where it can be seen that the length does not
change too significantly with RHi. This may be due to the fact that phase 5 represents
sedimentation and sublimation, which has a wide range of possible sub-saturated RHi values.
Additionally, the ICR/ISSR Spatial Ratio is again seen in Figures 5B and 5F, but plotted with
RHi for phases 2 to 4, which represent nucleation, early and later growth. For both datasets,
there is a decrease in RHi from about 120% to about 80%, based on the average binned line,
with phase 2 transitioning to phase 3 then phase 4 as the spatial ratio increases. Finally, the
entire ICR+ISSR horizontal lengths can be seen in Figures 5D and 5H which illustrates the
distribution of the five cirrus EPs across RHi.
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Figure 5
The RHi is Plotted Against the Horizontal Lengths for ISSR, ICR and ICR+ISSR for the NSF (A, C & D) and NASA (E, G & H)
Aircraft Campaigns, Respectively. In Addition, the ICR/ISSR Spatial Ratio is Shown for NSF (B) and NASA (F). All Error Bars in
This Show ± One Standard Deviation

The geometric means for log10(IWC), log10(Ni) and Di versus temperature are plotted for
each of the in-cloud EPs (2-5) in Figure 6 for the (A1-A4) observational data, (B1-B4) 430
second averaged observational data and (C1-C4) the model data. For the high-resolution
observational data, Phase 4 shows the higher IWC and Ni, followed by phase 3, phase 2 and
phase 5. This is consistent with the previous study of Diao et al. (2013) which demonstrated
that IWC and Ni continue to increase from nucleation phase to later growth phase but
decrease as the evolution proceeds to sedimentation/sublimation in the HIPPO campaign.
IWC increases with higher temperatures for all phases in (A1), (A3), (B1) and (B3). EP 4 has
the highest values for IWC and Ni in both (A1-A2) and (B1-B2). The model also seems to
capture the dominance of EP 4 in (C1-C2). EP 2 shows the lowest IWC and Ni in (B1-B2)
but shows the largest Di (some reasons and implications). The difference in IWC, Ni and Di
between phases is much less defined in the model data compared to the observations which
may suggest that the model does not represent the different cirrus EPs and their
microphysical differences well.
In Figure 7, the relationships between log10(IWC), log10(Ni), Di and aerosol number
concentration for particles larger than 0.1 µm (Na100) for (A1-A4) observational data,
(B1-B4) 430 second averaged observational data and (C1-C4) the model data is shown for
each EP. Again, the high-resolution observations and the averaged values show that EP 4 has
the largest values of IWC and Ni and shows a slight positive correlation with Na100. EP 2 also
shows a positive correlation with Na100 for IWC. Meanwhile, EP 3 and 5 do not show a
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Figure 6
The Geometric Means of log10(IWC), log10(Ni), and Di Plotted Against Temperature for
the In-Cloud Evolution Phases Using (a) the Observational Data, (b) the 430s Averaged
Data and (c) the Model Data. The Number of Samples is Shown in the Last Row

correlation with Na100, which implies that the early growth of ice crystals and sedimentation
is not impacted by Na100 aerosols. Some differences in the phases are captured in the model
data, with EP 4 having the highest IWC and Di.
It is crucial to take into consideration how the AIE for aerosols of larger sizes, thus the
number concentration of aerosols with sizes larger than 500 nm are examined. Figure 8
shows the relationships between log10(IWC), log10(Ni), Di and aerosol number concentration
for particles larger than 0.5 µm (Na500) for the (A1-A4) observational data, (8B1-8B4) 430
second averaged observational data and (C1-C4) the model data is shown for each EP.
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Figure 7
The Geometric Means of log10(IWC), log10(Ni), and Di Plotted Against Na100 for the InCloud Evolution Phases Using (a) the Observational Data, (b) the 430s Averaged Data and
(c) the Model Data. The Number of Samples is Shown in the Last Row

Phases 2, 3 and 4 show positive correlations with Na500 for IWC and Di in the highresolution observations. Phase 2 has the greatest positive correlation for Na500. Indicates the
nucleation phase is most sensitive to the number of large aerosols as they act as INPs and
increase Ni. For phase 5, there is no obvious relationship between IWC, Ni and Na500. This is
consistent with the fact that sedimentation/sublimation is more affected by dynamical and
thermodynamic conditions than by AIE. This result also implies that if one analyzes all the
EPs together, the result could be affected by the proportion of each phase in the overall
sample.
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Figure 8
The Geometric Means of log10(IWC), log10(Ni), and Di Plotted Against Na500 for The InCloud Evolution Phases Using (a) the Observational Data, (b) the 430s Averaged Data and
(c) the Model Data. The Number of Samples is Shown in the Last Row

To quantify the relationship between the cloud microphysical properties and aerosol
number concentration a linear regression to the (A1-A4) observational data, (B1-B4) 430
second averaged observational data and (C1-C4) model data. In Figure 9, the linear
regressions are binned against Na100 for the delta common log values of IWC, Ni and Di.
There is a clear positive trend in EP 4 for IWC, Ni and Di towards higher Na100 number
concentrations. Likewise, Figure 10 shows the linear regressions of the delta cloud
microphysical variables versus Na500. Again, a clear positive trend in the slope can be
discerned for EP 4, the later growth phase. This indicates that aerosols play an important role
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Figure 9
The Linear Regressions for the Cloud Delta Values: dlog10(IWC), dlog10(Ni), and
dlog10(Di) Plotted Against dlog10(Na100) for the In-Cloud Evolution Phases Using (a)
the Observational Data, (b) the 430s Averaged Data and (c) the Model Data. The
Number of Samples is Shown in the Last Row

in cirrus cloud evolution, specifically when it has reached it is in the end of its lifetime.
Contrasting between Figure 9 and Figure 10, it seems that aerosols smaller than 500 nm are
just as critical in the ice nucleating processes occurring in cirrus clouds.
It is important to consider these effects in the context of spatial regions thus the
differences between the in-cloud EPs for three latitudinal regions: the tropics, the
midlatitudes and the polar regions was investigated. In Figure 11, the logarithmic geometric
means of IWC, Ni and Di are plotted against temperature for the in-cloud phases 2+3+4 (top)
and sedimenting phase 5 (bottom). We contrast the differences between the NH and SH
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Figure 10
The Linear Regressions for the Cloud Delta Values: dlog10(IWC), dlog10(Ni), and
dlog10(Di) Plotted Against dlog10(Na500) for the In-Cloud Evolution Phases Using (a)
the Observational Data, (b) the 430s Averaged Data and (c) the Model Data. The
Number of Samples is Shown in the Last Row

in order to discern if there are any differences in AIE between the four EPs across the
hemispheres. We see an increase in Di as T increases for the 1-Hz and 430s data across all
the latitudinal regions. The model data usually has lower values than that of the
observational, except in the tropics and midlatitudes. Similarly, in Figure 12, we looked at
the logarithmic geometric means of IWC, Ni and Di against aerosol number concentration for
Na100 (top) and Na500 is shown for the combined phases of 2+3+4. IWC and Ni for the tropics
have an increase with larger Na100 concentrations. For the NH polar region, there is a slight
decrease in IWC and Ni as aerosol concentrations increase. There is a noticeable dip at
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Figure 11
The Geometric Means of log10(IWC), log10 (Ni), and Di Are Plotted Against the Temperature
for the In-Cloud Evolution Phases, the Top is for Phases 2+3+4 While the Bottom is Just for
Phase 5, According to Latitudinal Region
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Figure 12
The Geometric Means of log10(IWC), log10(Ni), and Di Are Plotted Against the Aerosol
Number Concentration, Na100 at the Top and Na500 at the Bottom, for the Phases 2, 3 and 4
According to Latitudinal Region
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aerosol concentrations between 10 and 100 #/cm2 for IWC and Ni in the tropics. There is a
slight positive increase for the tropics and midlatitudes with the 1-Hz data in IWC and Ni. Di
has a large positive increase in the midlatitudes with the NH 1-Hz data. It can be seen that the
model data does not have many samples.
Discussion and Conclusions
Cirrus clouds affect the radiation budget and because of their complexity are difficult to
model. In a changing climate, it is further it is imperative to improve the understanding of
cirrus cloud formation, evolution, and their relationship with aerosols. Therefore, for this
research project, the primary objective was to advance the understanding of AIE on cirrus
clouds and learn through an observational dataset how cirrus clouds evolve during their
lifetimes.
In order to explore the thermodynamic and dynamical effects responsible for the
differences seen in each EP the relationship between T, RHi, and w were studied. The
number of samples of seconds in logarithmic scale for the five EPs at various temperatures
and RHi is shown in Figure 13. The solid line represents ice saturation while the dashed line
represents liquid saturation. The dot-dashed line shows the homogeneous nucleation
threshold for aerosols with a size of 0.5 µm. Total number of samples is shown. Phase 4, or
the later growth phase, has the most samples followed by phase 3, the early growth phase.
Phase 2, also referred to as the nucleation phase, has the least samples. It can be seen that the
distributions in the model do not match that of the observed data which indicates that the EP
are not well-represented. To better compare with model results, sigma w (σw), or a 40 second
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Figure 13
The Number of Samples of Seconds in Logarithmic Scale for the Five Evolution Phases
Binned Against Temperature and RHi for (a) the Observational Data, (b) the 430s Averaged
Data and (c) the Model Data. The Solid Line Represents Ice Saturation While the Dashed
Line Represents Liquid Saturation. The Dot-Dashed Line Shows the Homogeneous
Nucleation Threshold for Aerosols with a Size of 0.5 μm

running standard deviation of w was calculated. Figure 14 shows the number of samples of
seconds in logarithmic scale for the five EPs at various temperatures and σw. Again, the
model data fails to capture the appropriate distributions for each phase as seen in (A1 – A6).
These results show the importance of considering the evolutionary phase of a cirrus cloud
when analyzing their interactions with aerosols. Without separating out the phases, AIE
could potentially be interpreted based on biased results which favor a certain phase. For
example, if a campaign contains primarily EP 5, but this is not established by the research,
then it could be decided that there are no AIE on the cloud microphysical properties. As
revealed by these findings, the five EPs may each influence AIE in different ways.
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Figure 14
The Number of Samples of Seconds in Logarithmic Scale for the Five Evolution Phases at
Various Temperatures and σw for (a) the Observational Data, (b) the 430s Averaged Data
and (c) the Model Data. The Solid Line Represents the Threshold for Ice Saturation

There are some limitations associated with the cirrus cloud EP method. Ice crystals that
are generated near saturation might not be accurately recorded because this method requires
the observations of ISS in the nucleation phase. In addition, because this is 1-D sampling
from an aircraft, ice crystals that fall from higher altitudes into lower ISSRs might incorrectly
be treated as newly formed ice crystals. As mentioned previously, a cirrus cloud can
potentially simultaneously encompass multiple phases, but this evolution method does not
consider the whole cirrus cloud and instead focuses on the horizontal ISSR+ICR region. To
illustrate this, imagine a cloud, which is 3-D, so there is a vertical dimension that is ignored,
and we can only describe what is occurring at the region the aircraft flies through.
Contrastingly, a cirrus cloud may not undergo all five EPs depending on the type, convective
versus in-situ.
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In this work, a process that effectively distinguishes ICRs and ISSRs with a large
observational dataset was applied to a spatially expansive observational dataset. In addition,
we considered how the cloud microphysical variables for these EPs fair within the CESM
CAM6. By uncovering this relationship further, we will be able to better parameterize cirrus
clouds and their AIE within models. By doing so, future climate change projections can be
improved.
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Chapter 2: The Transition Phases of Mixed-Phase Clouds based on Aircraft
Observations from the SOCRATES Campaign
Introduction
The radiative forcing of clouds has a significant impact on the Earth’s climate (Liou,
1992). Through their microphysical properties, spatial extent and whether water content is in
ice or liquid form, clouds can have contrasting influences on the net radiation (Matus &
L’Ecuyer, 2017). Mixed-phase clouds are a certain type of cloud where both liquid and ice
water are present. While there is a lot of research on liquid clouds, because of the complex
interplay of liquid and ice existing in mixed-phase clouds they are still not completely
understood, especially when also considering the effects aerosols have on them (Korolev et
al., 2017; Storelvmo, 2017).
Aerosol-cloud-climate interactions are quite challenging to quantify, so there have been
many endeavors to measure mixed-phase clouds in the field. With data from the Clouds
Aerosols Precipitation Radiation and atmospheric Composition Over the SoutheRN ocean
(CAPRICORN), Measurements of Aerosols, Radiation, and Clouds over the Southern Ocean
(MARCUS), Macquarie Island Cloud and Radiation Experiment, and Southern Ocean
Clouds, Radiation, Aerosol Transport Experimental Study (SOCRATES) campaigns, it was
found by McFarquhar et al. (2021) that environments that are primarily pristine contain many
more small aerosols rather than large ones above clouds. This suggests that there is limited
long-range continental aerosol transport and that particles can newly form in these regions.
The data obtained by these four aircraft campaigns show that cloud properties are dependent
on aerosols and that both dynamics and turbulence are driving the changes happening in
cloud phases. Mixed-phase clouds frequently form during all seasons over this location, and
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they can persist for many days in spite of ice–liquid mixtures being instable. It has been
found that these resilient mixed-phase cloud system are supported by interactions between
various local processes, such as the formation and growth of cloud droplets and ice crystals
(Morrison et al., 2012) .
The phase characterization and formation of mixed-phase clouds is still one of contention
within the field. The cloud top phase was calculated as a function of cloud top temperature
for clouds over the Southern Ocean by using aircraft lidar, radar and thermodynamic data. It
was found that the dominant phase was liquid at the cloud top for 74.9% of clouds with
subfreezing cloud top temperatures and clouds tops containing liquid were found at
temperatures as cold as -30°C (Zaremba et al., 2020). In addition, it was also found that lowlevel clouds over the Southern Ocean had a high frequency of supercooled liquid water and
that the samples of mixed-phase low-level clouds over this region were more spatially
heterogenous than the pure ice and liquid ones (D’Alessandro et al., 2021). Using a large
dataset collected by the Convair 580 aircraft of the National Research Council of Canada it
was found that as temperature decreases the concentration of droplets within liquid clouds
and both the ice and liquid-water content decrease. They also found that the mean volume
diameter of particles in liquid and ice clouds varied between 10 μm to 12 μm and 20 μm to
35 μm, repectively (Korolev et al., 2003).
The dynamics of the atmosphere also play a large role in affecting the formation and
development of mixed-phase clouds. With seven years of ground-based observations an
Alaskan site, it was found that Arctic mixed-phase clouds occur less often in the early fall
when the winds are southerly as the atmosphere is more stable, drier, colder and has lower
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relative humidity. Conversely, during northerly winds they have a wider particle distributions
(Qiu et al., 2018). In addition, a study discovered that both liquid and ice mass increases in
mixed-phase clouds, with the net liquid mass typically with the larger increase (Shupe et al.,
2008). They also explain that between updrafts, the liquid will reduce, but not entirely
evaporate, while most of the ice will sublimate and/or sediment. They claim that water vapor
must be plentiful throughout the cloud’s lifetime as the liquid water is persistent and that ice
crystal concentrations are limited. Significantly, in SOCRATES, it was found that all
generating cells (GCs) that had small horizontal widths over the Southern Ocean contained
supercooled liquid water and that both the LWC and Nliq within the GCs was slightly higher
than that of the areas between the GCs, which also held true for ice particles whose
dispersions, number concentration, and sizes were larger within the GCs (Wang et al., 2020).
Using ground-based Doppler lidar and cloud radar, the connection between primary ice
formation and vertical air velocity at cloud base was considered for mixed-phase cloud layers
with a thickness less than 380 m. It was learned that layers with a cloud-top temperature
colder than -12 °C, the mass flux of ice water was increased by two orders of magnitude
when the w standard deviation increased (Bühl et al., 2019).
Additionally, aerosols can influence the microphysical properties of mixed-phase clouds.
Field study observations over a fourteen-year time period and from various locations around
the Earth were combined to show that both temperature and the number concentration of
particles larger than 0.5μm in diameter can impact the concentrations of growing IN in
mixed-phase clouds reducing unexplained spread in their concentrations (DeMott et al.,
2010). From aircraft observations, it was found that entrainment above artic mixed-phase
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clouds could enhance the ice crystal concentration and that there were signals of the
thermodynamic indirect effect (Jackson et al., 2012). In their study using aerosol data that is
nine years long, Norgren et al. (2018) found that clean mixed-phase clouds with a low
aerosols loading have a higher IWC at their base when compared to clouds that have a higher
aerosol loading.
In this work, a novel way to identify liquid, ice and mixed regions in mixed-phase clouds
is presented. These are called the four transition phases, which are as follows: (a) Pure liquid,
(b) Liquid region with some coexisting ice crystals (c) Ice region with liquid droplets, and (d)
Pure Ice. First, the geometric means and linear regressions of these datasets are analyzed to
show the differences between the in-cloud EPs. To learn why these differences are observed,
the potential underlying thermodynamic and dynamical causes are explored. Then the results
are compared to a derived dataset that uses particle-by-particle to identify liquid droplets and
ice. The question of how ice first starts to form in mixed-phase clouds is investigated. By
using this particle-by-particle identification dataset, the relationship between the
macrophysical and microphysical properties of mixed-phase clouds is uncovered. It is
hypothesized that the shorter the segments of ice in a liquid cloud region (LCR) with respect
to the surroundings the newer it is.
Observational Dataset
SOCRATES In-situ Observations and Instrumentation
The SOCRATES flight campaign was conducted from January 15th to February 24th in
2018. This NSF-funded campaign utilized the NSF/NCAR Gulfstream V aircraft
(McFarquhar et al., 2021) which flew over the Southern Ocean region of 62°S-42°S and
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133°E-164°E as seen in Figure 15. There are fifteen research flights (RFs) that this campaign
performed with a combined total of 111 flight hours flown. In this work, we applied a
temperature restriction of −40°C to 0°C, commonly known as the mixed-phase cloud regime
as this temperature range allows for the occurrence of both ice particles and supercooled
liquid water, for all our analyses. We also placed a ceiling on relative humidity with respect
to liquid (RHliq) by restricting all values greater than 101% to 101%. Then we recalculated
RHi using e and the saturation vapor pressure with respect to ice.
Figure 15
Map of the Flight Tracks Where Temperature is in
Between 0°C and -40°C for SOCRATES

The NSF G-V research aircraft during the SOCRATES campaign was equipped with
various scientific instruments to measure the various characteristics of the atmosphere, such
as aerosol concentrations, cloud microphysical properties and common meteorological
components – temperature, pressure, wind speed and humidity. The temperature was
measured by the Rosemount temperature probe. To measure the water vapor molecule
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number density at 25-Hz resolution the VCSEL hygrometer was used. This instrument
reported the water vapor mixing ratio in 1-Hz resolution and in this study a corrected version
of this data that was calibrated post-campaign in summer 2018 is used (Diao, 2021). The
water vapor and temperature data are used to calculate RHliq and RHice by using the
equations for esliq and esice from Murphy and Koop (2005), respectively. Supercooled water
droplets are measured by the Rosemount Icing Detector by freezing them when they collide
with the detector and changing its constant vibration frequency. The 2DS and the cloud
droplet probe (CDP) measure the PSDs of hydrometeors. The 2DS probe captures particles
with sizes from 10–1280 μm with uncertainties associated for sizes smaller than 50 μm. But,
despite the fact that the width of the 2DS probe’s photodiode array is 1280 μm it can estimate
the sizes of larger particles up to 5000 μm, so the 2DS range is 40-5000 μm. The CDP does
measure smaller hydrometeors with sizes from 2-50 μm, but it also has uncertainties in these
measurements due to shattering. Aerosols number concentration and size distribution are
measured by the UHSAS which has a size range of 60 – 1000 nanometers (nm).
University of Washington Ice-Liquid Discriminator (UWILD) Phase Classifications
For this work, a derived dataset produced by the University of Washington with the IceLiquid Discriminator was used (Atlas, Mohrmann, Finlon, Lu, et al., 2021; Atlas, Mohrmann,
Finlon, Wu, et al., 2021). This software uses observations from the Two-Dimensional Stereo
(2D-S) probe to categorize data into cloud particle phase classifications. Each particle
imaged by this probe is classified particle-by-particle into ice, liquid or unclassified, as 0, 1
and NaN, respectively. In this dataset, the group also provides a 1-Hz aggregated files for
each research flight that includes a quantification of cloud sub-1-Hz heterogeneity and phase
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separated PSDs. This derived dataset uses cloud data from the SOCRATES field campaign
and covers all research flights with the exception of research flight 15. We utilized the count
by max diameter for liquid particles and ice particles with the UWILD classification to
calculate the ice particle number fraction (IPNF). This was accomplished by then dividing
the number of particles identified as ice by the total number of particles in one second.
Results
Transition Phase Mixed-Phase Cloud Classification Method
Here, a method that defines the evolution of the mixed-phase cloud regime into four
phases is introduced: (a) pure supercooled liquid water regions (SLWR), (b) SLWR with ice
particles embedded inside, (c) partially overlapping SLWR and ICR, and (d) pure ICR. This
transition phases are depicted in Figure 16. The spatial lengths were found using the amount
of LWC and IWC in each second. LCRs were identified when LWC was measured, but there
is no IWC, while ICRs are vice versa, when IWC was measured and there is no LWC. The
spatial ratios, M1, M2, and M3, were found by calculating the ratio between the length of the
cloud region, liquid, ice or mixed, respectively, and the total horizontal length of the cloud
segment. These calculations are summarized in Table 3. The ice spatial ratio for each
segment was calculated by counting the number of seconds defined as ICR and MCR then
dividing them by the total length of the segment: ICR + MCR/ICR + MCR + LCR. This ratio
was kept for each second in the given cloud segment.
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Figure 16
Diagram of the Four Transition Phases for Mixed-Phase Clouds
with an Ideal Pathway

Table 3
The Four Transition Phases Are Shown Alongside Their Required Spatial Ratios
Phase

1
2
3
4

Description

Only LCR
MCR appears
Pure ICR must appear
Only ICR

Liquid Spatial Ratio

Ice Spatial Ratio

Mixed Spatial Ratio

M1 = length of LCR / total
segment length
M1 = 1
0 < M1 < 0
0 < = M1 < 1
M1 = 0

M2 = length of ICR / total
segment length
M2 = 0
M2 = 0
0 < M2 < 1
M2 = 1

M3 = length of MCR / total
segment length
M3 = 0
0 < M3 < 1
0 <= M3 < 1
M3 = 0

Hydrometeor, Thermodynamic, and Dynamic Distributions
The cloud PSD plots are shown for SOCRATES is shown in Figure 17 separated by
transition phase and cloud probe type. Phase 2 has the highest concentration of particles with
the CDP probe while phase 3 has the highest concentration with the 2DC and 2DS probes at
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Figure 17
Particle Size Distribution of the Four Transition Phases for Mixed-Phase Clouds
Separated by Probe Type

larger diameters. Although at smaller diameters, phase 2 has larger concentrations then 3
with the 2DS probe. With the CDP probe phase 4, defined as pure ice, has the lowest
concentration of particles.
The sample distribution is shown for RHliq and RHi in Figure 18 where the solid line
represents ice saturation, and the dashed line represents liquid saturation. Transition phase 2
has the lowest number of samples, while transition phase 3 has the highest. For phase 3, most
samples seem to be at warmer temperatures. In Figure 18G, the phase 2 samples seem to
have a narrow spread around the ice saturation line and are also mostly above -35°C with
very few samples below this temperature. In Figure 19, the samples for each transition phase
are binned against w and σw. Phase 4 has the smallest w with the least spread. Phase 1 has
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Figure 18
The Number of Samples for RHliq (A-E) and RHi (F-J) Binned Against Temperature

Figure 19
The Number of Samples for w (A-E) and σw (F-J) Binned Against Temperature
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most samples warmer than -35°C with most of the spread in w in the warmer temperatures.
Transition phase 3 has a consistent number of samples across all temperatures with the
fewest at the colder temperatures. In Figure 19H, a peak in σw can be seen at about -18°C for
phase 3.
Comparison with UWILD Data
Figure 20 shows the IPNF versus the ice spatial ratio. For transition phase 2, both Figures
20A and 20C, have a positive slope indicating that the ice spatial ratio and IPNF are
correlated. As this phase is characterized as when the MCR first starts to appear there are no
seconds defined as ICR. In the second column, the relationship between IPNF and ice spatial
region (ISR) is shown for transition phase 3, which is characterized as when the ICR appears.
The correlation between these variables is also positive.
The relationship between water content is related to the cloud segment scale in Figure 21.
The first two columns show LWC plotted against the ice spatial ratio for transition phases 2
and 3. In Figures 21A and 21C, there is a clear negative slope indicating that as the ice spatial
approaches 1, or a near ice region, the LWC decreases. A similar and more negative trend
can be seen in Figures 21B and 21D for transition phase 2. The last two columns show the
relationship between IWC and the ice spatial ratio for the transition phase 2 and 3. In contrast
to the previous two columns, these trends are positive, which is expected as the IWC and ice
spatial ratio should be increasing with one another.
The relationship between aerosol number concentration is related to the cloud segment
scale in Figure 22. The first two columns show Na500 plotted against the ice spatial ratio for
transition phases 2 and 3. In Figures 22A and 22C, there is a positive trend between aerosols
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Figure 20
The Ice Particle Number Fraction Plotted Against the Ice Spatial Ratio and Separated by the
Transition Phases and Cloud Regions. Averages with Error Bars Are Shown in Red While
Their Linear Fit is the Dashed Red Line. Seconds Defined as Generating Cells Are in Blue.
The First, Second and Third Rows only Include Seconds That Are Defined as LCR, MCR and
ICR, Respectively. The Slope, b, and Its Associated Error Are also Shown

and the ice spatial ratio. This indicates that Na500 may act as INPs to facilitate ice formation
for transition phase 2 when the mixed cloud region (MCR) appears. The trends for Na100 in
Figures 22I, 22J and 22L are also slightly positive with transition phase 2 having a larger
positive slope than transition phase 3. But there are some slightly negative correlations in in
Figures 22B, 22G and 22H which are limited to seconds that are liquid.
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Figure 21
LWC (A-F) and IWC (G – L) Plotted Against the Ice Spatial Ratio and Separated by the Transition Phases and Cloud Regions.
Averages with Error Bars Are Shown in red While Their Linear Fit is the Dashed Red Line. The First, Second and Third Rows
only Include Seconds That Are Defined as LCR, MCR and ICR, Respectively. The Slope, b, and Its Associated Error Are Also
Shown
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Figure 22
Na500 (A-F) and Na100 (G – L) Plotted Against the Ice Spatial Ratio and Separated by the Transition Phases and Cloud
Regions. Averages with Error Bars Are Shown in Red While Their Linear Fit is the Dashed Red Line. The First, Second and
Third Rows Only Include Seconds that are Defined as LCR, MCR and ICR, Respectively. The Slope, b, and Its Associated
Error Are Also Shown

Discussion and Conclusions
Mixed-phase clouds are ubiquitous in the atmosphere and in order to fully capture the
extent of climate change more studies need to be conducted in order to investigate their
formation, development, and how aerosols impact their microphysical and macrophysical
characteristics. Therefore, in this study, a novel method that distinguishes mixed-phase
clouds into four transition phases was presented. This method allows one to consider the
macrophysical properties of a cloud segment. In addition, we a derived dataset that identifies
the phase of a cloud at the particle scale was used. With the combination of these data, our
understanding of how ice forms within liquid clouds and how aerosols impact these
processes is explained.
Figures 20 to 22 demonstrate that the macrophysical and microphysical properties of
mixed-phase clouds are correlated. All the plots show a positive slope in Figure 20 indicating
that as the ice spatial ratio the IPNF, which is based on the identification by particle, also
increases. Figure 21 shows the ISR plotted against LWC and IWC. Here can be discerned
that the larger cloud segments are indeed related in the way that we would expect to the per
second data. For example, LWC trend negatively with the ISR while IWC trend positively.
The importance of AIE are also seen in Figure 22 which shows the aerosol number
concentrations for Na100 and Na500 plotted against the ISR. Na500 shows a positive slope for
the LCR and MCR for transition phase 2, which is characterized by the appearance of the
MCR. This indicates that the liquid to ice transition benefits from these larger aerosols. These
findings are not as strong for smaller aerosols, Na100, which show weakly positively or even
negative trends.
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In this work, a novel method that categorizes mixed-phase clouds into four transition
phases was described. In addition, the overarching thermodynamic and dynamic regimes
across these phases and the response to aerosols was contrasted. Then a case-study with a
derived particle-by-particle phase discriminator dataset was considered. By uncovering this
relationship further, mixed-phase clouds and how they develop within the atmosphere can be
fully understood.
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